The recent rapid growth of the semiconductor industry in development of high power microwave source has open a new promising avenue by full electronic control over the electromagnetic field towards improve the microwave heating performance. In this paper, a coupled electromagnetic and heat transfer model was built to simulate microwave heating of multiple chicken blocks with temperaturedependent dielectric properties dependent on a solid-state microwave oven. Owing to the ability of solid-state source to precisely control the frequency, the temperature distribution simulated for the fixed frequency was compared with different frequency-shifted rates increasing process and decreacsing process between 2.4 GHz and 2.5 GHz. The simulated temperature distribution was validated by comparing with experimental temperature profiles obtained using a thermal imaging camera at the end of microwave heating. The results demonstrated the heating uniformity and efficiency is highly influenced by the head and tail frequency but also the frequency shifted rate. And a specific frequency-shifted rate decreasing process between 2.4 GHz and 2.5 GHz was proposed in improving the heating performance.
I. INTRODUCTION
In 1947, the advent of the first household microwave oven opened the era of wide application in microwave heating for its rapidity and convenience in cooking. Magnetrons were used for the generation of microwaves and the frequency of common household microwave ovens was fixed at 2.45 GHz. The fixed-frequency of microwave device mentioned in this paper is also 2.45GHz. Due to a 70% power efficiency and its lower price, the magnetron has dominated this field over the past several decades [1] . However, microwave heating usually leads to a non-uniform temperature distribution in a multimode cavity, since the electromagnetic scattering in complex cavities is significantly affected by its structure and several parameters of the heated materials [2] . Non-uniform The associate editor coordinating the review of this manuscript and approving it for publication was Jesus Felez .
heating may cause hot spots and power loss, which compromises product quality and heating efficiency [3] . Many researchers have tried different ways to improve heating uniformity during microwave heating, such as combining some other heating sources in microwave oven [4] and modifying the object geometry [5] . The recent rapid growth of the semiconductor industry in the development of solidstate microwave sources of relatively high power has opened a new promising avenue towards full electronic control over the electromagnetic field in microwave thermal processing system [6] . Even though current RF high-power amplifiers still exhibit energy efficiency a bit lower than magnetrons, it appears that the solid-state microwave heating technology is promising and compelling to replace the conventional magnetrons sometime soon. This trend is justified mainly by the small form factor, the low operating voltage, and the ability to precisely control the phase and frequency to achieve better heat distribution.
Several methods have been proposed to improve heating uniformity during microwave heating based on solid-state source. A method for microwave heating, by sweeping through a bandwidth of frequencies, has also been reported to improve heating uniformity. The variable frequency microwave (VFM) generates multiple hot spots in the cavity, which not only provide a uniform heating over a large volume with a high energy coupling efficiency, but also select heating on different parts of an object with different dielectric properties [7] . A method using linear and non-linear frequencyshifted rate sweeping through a bandwidth of frequencies, can generate multiple hot spots within the processing cavity, leading to time-averaged uniform heating [8] . In their models, only the influence of variable frequencies inside the cavity was calculated, but the temperature-dependent dielectric properties were not considered and the VFM was not included in the electromagnetic and heat transfer simulation of domestic microwave heating. Moreover, the influence of frequency range on heating performance was not considered. Another method was proposed work with the selected microwave frequency [9] . However, in the frequency-selected method, the selected frequency is best for a specific goal but another is invalid, which may cause a waste of energy and limit the improvement of heating uniformity.
The main objective of this study is to develop a comprehensive and integrated model dependent on a solid-state source microwave oven to predict temperature profiles during microwave heating of multi-component chicken blocks.
Combining COMSOL Multiphysics software with MATALB, heating with frequency-shifted rates between 2.4GHz and 2.5GHz was simulated using this model. The heating performance with multiple frequency-shifted rates was evaluated by simulation and the numerical simulations was validated by experimental tests in terms of heating patterns and temperature profiles.
II. MATERIAL AND METHODS

A. MODEL DEVELOPMENT
Coupled simulation of electromagnetic and heat transfer can be considered as the solution of a highly nonlinear equations in oven cavity. The electromagnetic energy trapped in the cavity is reflected by its walls and takes the form of stationary wave and its distribution inside the cavity is governed by Maxwell's wave equation which can be is given as follows by the Eq.1 [10] 
where µ r is relative permeability of material, ε is dielectric constant real part of material, ε is relative dielectric constant imaginary part of material. Based on Maxwell's wave equation, the electric field E (v/m) are educed:
where k n = lπ a , k m = mπ b , k l = nπ d , and n, m and l is the number of half-sinusoid variations in the stationary wave pattern along the x, y and z axis, and a, b and d are the dimensions of the cavity in the x, y and z directions, and A l,m,n is the strength of the resonance, and [11] )
Therefore, the electric field strength at this position varies with frequency in this frequency band.
An electromagnetic wave loses its energy while traveling through a lossy dielectric medium. Part of the electromagnetic power is converted into thermal energy within the material. The conversion of electromagnetic energy into thermal energy is proportional to the dielectric loss factor and the square of the electric field strength
where P v being the heat source in transient heat transfer, is the dissipated power(W/m 3 ). Therefore,
The dissipative power is determined by the Fourier equation:
where ρ is the density of the material (kg/m 3 ), C p is the specific heat capacity at constant pressure (J/(kg· • C)), T is the temperature at simulation time t ( • C), and k t is the thermal conductivity w/(m· • C). Therefore, the rate of temperature increase for each sub element can finally be expressed as:
Eq. (7) shows that the heating uniformity is highly dependent on small change in microwave frequency.
B. GEOMETRIC MODEL
The geometric model was created based on a developing microwave oven with solid-state microwave source. The complete geometric model included oven cavity, glass tray, chicken blocks, waveguide and coaxial port as shown Fig.1 (a) . The cavity, size of which was 196×200×157mm, was made of stainless steel with some bumps. The waveguide which is 80×26×140mm was located at the right side wall of the cavity. An electromagnetic wave was transmitted with certain modes in the waveguide governed by the frequency and waveguide dimensions. The chicken blocks (28×28×15mm) was placed in the glass tray (in a fixed position) whose diameter was 146 mm and height was 26mm. The microwave feed port was located at the bottom of the center, and the microwave energy was fed into the coaxial port from soiled source. In order to facilitate mapping of these temperature differentials, in this study, the nine chicken blocks were labeled.as shown in Fig.1 (b) . 
C. SIMULATION STRATEGY
In this study, one complete microwave heating simulation was set to take 60s. It was assumed that the frequencyshifted rates were 0.05GHz/20s (which means there are 3 frequency points in 60s,2.4, 2.45 and 2.5GHz,the heating time at each frequency point is 20s), 0.025GHz/12s, 0.01GHz/5.6s or 0.003GHz/1.8s in simulation corresponding to starting 2.4GHz until 2.5GHz or starting 2.5GHz until 2.4GHz. In other words, the starting and ending frequency is interchanged in the same frequency range, and frequency points of participation in heating for each starting frequency is different. Since the COMSOL Multiphysics software do not have the capability to implement the microwave heating model whose frequency changes with time. We developed an approach to combine the advantage of processing data of MATLAB and the strong ability to solve multi-physics of COMSOL. It was assumed that the initial frequency was f0, the frequency was changed (f0+ f) after a period of heating (t0+ t). And at the end of each time step (f0+ f, t0+ t), the temperature along with their coordinates was saved to local, then the temperature distribution was called by MATLAB to initialized the temperatures for next frequency. Using the new temperature distribution, the electric field distribution followed by temperature field was calculated in COMSOL for the next time step. The loop was continued until the full heating process was completed. The procedure for co-simulation strategy of COMSOL and MATLAB for frequency shift is shown in Fig. 2 , and the simulations were performed on a workstation with an operation memory of 128GB RAM running on Double CPU Intel (R) Xeon(R) E5 2683 V3 @ 2.0GHz. The software MATLAB R2016a and COMSOL Multiphysics 5.3 are employed for the numerical computation.
D. SIMULATION PARAMETERS
Multiphysics simulation based on FEM can be considered as a calculation of a highly nonlinear equation set. Not only do the computation load and the calculation period grow greatly, but also the convergence efficiency is poor due to the nonlinear influence. Therefore, the following assumptions are considered in this paper.
1. The chicken blocks were considered as homogeneous and isotropic.
2. The glass tray with chicken blocks were surrounded by a cavity which has a dielectric medium of air. Assuming the dielectric loss factor of air is zero therefore the heat transfer was not spatially solved in the air medium. The glass tray was not considered in the solution of heat-conduction equation due to the negligible dielectric loss factor. However, in consideration of a natural convection boundary condition at the food-air interface, a typical heat transfer coefficient value which is 10W/(m 2 · • C) was considered. External temperature of sample was assumed to be constant at 20
where h is the surface convective heat transfer coefficient, k is the thermal conductivity and T ext is external temperature of sample (Tong and D. B. Lund, 1993).
3. The temperature-dependent dielectric and thermal properties are explained in detail in [13] .
4. The stainless-steel walls of waveguide and cavity were considered as the impedance boundary, where the dissipation of walls is:.
where P s is the cavity walls dissipation (W/m 2 ), H t is tangential component of magnetic field strength (A/m), and R s is surface resistance ( ).
E. EXPERIMENTAL VALIDATION
The heated materials, chicken blocks, were purchased from a local Carrefour, then the chicken was stored at −8 • C in a freezer and cut into uniform size(28×28×15mm). The multicomponent chicken was sealed and placed into a refrigerator at 5 • C for at least 12 hours before use. The experimental oven allowing total control over output power and frequency was designed for portable applications (Midea Group, China), and its effective power measured as per GB24849-2010 is 180W. This microwave oven includes oven cavity, glass tray, chicken blocks, waveguide, coaxial port, solid-state source and control circuit as shown in Fig.3 . The solid-state source was located at the bottom of the cavity and microwave was fed into the cavity from coaxial port. It was controlled by the program to generate microwave with tunable output frequencies needed (the frequency-shifted rates were 0.05GHz/20s, 0.025GHz/12s, 0.01GHz/5.6s or 0.003GHz/1.8s increasing from 2.4GHz to 2.5GHz or decreasing from 2.5GHz to 2.4GHz, and the fixed frequency was 2.45GHz). Fig. 4 shows the spatial surface temperature profiles of simulation after 60s of heating with the fixed frequency. In Fig. 4 , the majority of blocks 1, 2 and 3 were above 40 • C, and the temperature in the upper right corner of block 1 exceeded 52 • C. Temperature was above 32 • C in majority of blocks 7, 8 and 9, but blocks 4, 5 and 6 was below 30 • C and the lowest temperature was about 25 • C, presented in block 5.
III. RESULTS AND DISCUSSIONS A. NUMERICAL SIMULATION RESULTS
The temperature distribution in chicken blocks after 60s of heating with frequency-shifted rates of 0.05GHz/20s (a), 0.025GHz/12s (b), 0.01GHz/5.6s (c), and 0.003GHz/1.8s (d) from 2.4GHz to 2.5GHz was shown in Fig. 5 . When the frequency-shifted rates increased from 0.05GHz/20s to 0.003GHz/1.8s, the temperature of blocks rose except blocks 7 and 8. In block 7 and block 8, the largest areas of temperature exceeding 37 • C were observed at the frequencyshifted rate of 0.05GHz/20s. The highest temperature was over 55 • C in block 1 and the hotspot in the upper right corner of block 1 became largest at the frequency-shifted rate of 0.003GHz/1.8s. Similarly, the area over 45 • C in the upper left corner of block 2, grew to the maximum at the frequency-shifted rate of 0.003GHz/1.8s and the areas over 33 • C in block 3 and over 37 • C in block 9 became largest at the frequency-shifted rate of 0.003GHz/1.8s. However, the effect was not significant with increasing frequency-shifted rates in the block 4, 5, and 6, and the lowest temperature was about 25 • C, presented in block 5. In comparison to the fixed frequency temperature profile (Fig. 4) , the majority of block 3 did not reach a higher temperature, while the temperature exceeded 40 • C with the fixed frequency. The temperature of block 5 was similar between variable frequencies and the fixed frequency, which was about 25 • C. Fig. 6 shows the spatial surface temperature profiles of simulation after 60s of heating with frequency-shifted rates of 0.05GHz/20s (a), 0.025GHz/12s (b), 0.01GHz/5.6s (c), and 0.003GHz/1.8s (d) from 2.5GHz to 2.4GHz. As the frequency-shifted rates increased from 0.05GHz/20s to 0.003GHz/1.8s, the highest temperature was predicted in block 8 and the area with temperature higher than 55 • C in the middle-lower of block 8was largest at the frequency-shifted rate of 0.003GHz/1.8s. However, the region with temperature over 37 • C in block 7was largest at the frequency-shifted rate s of 0.05GHz/20s. In block 5, the temperature was about 25 • C with the fixed frequency, while the temperature increased when the frequency shifted from 2.5GHz to 2.4GHz. However, the effect was not significant with increasing frequency-shifted rates in blocks 3, 4 and 6. For the temperature of block 8, it was evident that the temperature with decreasing frequencies from 2.5GHz to 2.4GHz was higher than increasing frequencies from 2.4GHz to 2.5GHz. Compared to the temperature profile of fixed frequency (Fig. 4) , there was a significant increase in these chicken blocks. Fig. 7 shows that the simulated average temperature at nine locations with different frequency-shifted rates from (a) 2.4GHz to 2.5GHz, and (b) from 2.5GHz to 2.4GHz. In comparison to the increasing frequencies from 2.4GHz to 2.5GHz and the fixed frequency, the predicted average temperatures using these four frequency-shifted rates from 2.5GHz to 2.4GHz, as shown in (b), had a remarkable increase. The most obvious improvement was around 15 • C, presented in block 8, and the location with the lowest temperature, black 5, had an increase about 7 • C with the frequency-shifted rate of 0.003GHz/1.8s. Fig. 8 (a-i) shows the experimental temperature profiles of chicken blocks after being microwave heated for 60s with the fixed frequency (a), frequency-shifted rates of 0.05GHz/20s, 0.025GHz/12s, 0.01GHz/5.6s, and 0.003GHz/1.8s from 2.4GHz to 2.5GHz and from 2.5GHz to 2.4GHz. The photos obtained by a thermal imaging camera shows the surface temperature patterns, including hot and cold patterns,which agreed with the simulation surface temperature patterns in the multi-component materials heated with these methods. Similar to the simulatedprofiles, the majority of the upper right corner of block 1 reached above 50 • C, and the majority of the upper left corner of block 2 reached above 45 • C in the experimental temperature profiles. The experimental block 3 reached higher temperature over 50 • C, while the temperature remained around 40 • C in simulation. For increasing frequencies from 2.4GHz to 2.5GHz,in the experimental temperature profiles,the middle-lower of block 8 reached above 50 • C, while the temperature of simulations did not exceed 45 • C. There were several hotspots exceeding 50 • C observed in the gap between two chicken blocks because of melting fat during the heating process. Therefore, simulated profiles are similar to actual measures of frequency shifted methods. In summary, the heating uniformity and the heating efficiency were both improved by the frequency-shifted rate of 0.003GHz/1.8s.
B. EXPERIMENTAL RESULTS
IV. CONCLUSION
A coupled electromagnetic and heat transfer model of a solid-state source oven was established for simulating the heating process with variable frequencies of different frequency-shifted rates. Increasing and decreasing frequencies with frequency-shifted rates of 0.05GHz/20s, 0.025GHz/12s, 0.01GHz/5.6s or 0.003GHz/1.8s between 2.4GHz and 2.5GHz were considered.Simulated temperature profiles were found in good agreement with experimental results, and the results demonstrated the heating uniformity and efficiency is highly associated with the increasing or decreasing process and the frequency-shifted rates. The microwave heating at the frequency-shifted rate of 0.003GHz/1.8s from 2.5 to 2.4GHz, shows the highest efficiency in heating performance. The effect of variable frequency is similar to mode stirrer which acts to stir the electric field strength within the cavity so that a more uniform heating within the chicken blocks can be achieved. It is feasible to use the simulation model, which coupled electromagnetic waves with heat transfer, to simulate the microwave heating process of chicken blocks. For further research, the size and shape effect of test samples and specific material parameters, such as moisture content should be considered. JIANLONG LIU received the Ph.D. degree in physical electronics from the University of Electronic Science and Technology of China, Chengdu, China, in 2014. His research interests include field emission, nanomaterials synthesis and application, and microwave power applications.
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